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ABSTRACT 

We reexamine the calculations of the KL-!G decay 
rate and the KLKS mass difference in the Weinberg- 
Salam model with the GIM mechanism incorporated. We 
consider both the free quark model and corrections due 
to strong interactionsinan asymptoticallyfree theory, 
and compare our results with those of other recent 
calculations. Our conclusions are basically identical 
to those drawn from our original free quark cnlcula- 
tion : the decay amplitude for KL-p+w- is dominated 
by the conventional two-photon exchange, and the decay 
rate places no useful limit on the charmed quark mass, 
whereas the KL,KS mass difference <constrains this 
mass by mc 5 a few Cev. 
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1. - IIITRODUC,:IO:: 

A nun;ber of authors have compu%ed the decay rate K,-u; and 

the KLKS miss difference in the Weinberg-Salam model of electromagnetic 

and weak interactions which incorporates the so-called GIM mechanism, and 

commented on :he mass scale of the fourth auark, l.e., the charmed quark, 

,which appears in this scheme. More recently, several authors discussed the 

effects of strong interactions on these amplitudes assuming that strong 

interactions of hadrons are described by an asymptotically free gauge theory. 

One of the purposes of this note is to clarify the discrepancy 

between Ref. 1) and those of Russian workers 2) , especially of Flambaum, on 

XL-Pi* We find that the result of I is in error, and our correct result 

agrees with Ref. 2). HOWeVer, we disagree with Flambaum regarding the Ward- 

Trkahashi identity ior the Zds vertex. Under the circumstances, we feel 

it necessary to describe our calculation in ?,ome detail. The second subject 

we wish to discuss here has to do with estimating the size of strong inter- 

action effects in the proceeses. We obtain results which are not completely 

in accord with previous authors T), Including Nanopoulos and Ross, and 

Vainshtein, Zakharov, Novikov and Chifman. 

2. - 'WARD-TAKAHASHI IDEUTITY 

The effective Zsd vertex discussed in Appendix B of (I) is a 

sum of diagrvns depicted in Figs. 1 where black circles represent one-loop 

correctisns. :hese diagrams are separately divergent, but the sum is not. 

To extract the finite sum, we make use of the Ward-Takahashi identity des- 

cribed below. We shall also outline the direct calculation of Pigs. 1. 

It was shown elsewhere 4) that ir. a gauge specified by 

I=” 144 = &cl $1 

the 'Ward-Takahashi iden?;?;' f,;r. the gener>tir.g S,~r.:tlor.l;l I:r ?rr.pir 

vertices may be written 2;:; 

(1 ) 

riLL$]&,rOr@l =* , (2) 
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where is the generating functional of proper vertices with 

external 0 lines, and E"fyrp[$jcb is the generating functional of proper 

vertices with two external ghost lines and an arbitrary number af extems; 

4 lines. The index & refers to the adjoint representation of the gauge 

group in question. 

WC consider i special case in which the index a in Eq. (2) 

refers to the transfornatim which leave:; the photon field invarient, but 

changes the 2. 
L; 

field by ii transistion : 

$A, =o 
5 zp = 3 A(Xl (32) 

Under this transformation, the d and :: fieldis and the Higgs field $, 

change by 

s(t) = iT(:) 
where 

+ [-(Q-j> SinaD,,,) R\ ($‘+%“y 

L = kc I-q)) f( = <(Wi), 

a(& = i[-$ijTp 6 & >. 

In one-loop approximation, we consider 

(3b) 

(3cl 

(36) 

J- A- rL”[$l 
52 55 C 

6(b co1 Se = o- ( 4 j 
; II &” 



'Ye need tc coccectxte :z the case iz which r;[$; takes its bzre form, 
and r 3 1s g1uer. bj t?.e one-loop approximation. 70 this order, Eq. (4) 
1s a 3tatement that Fr is invarIant under the gouge tranufornations 

!33--dj. T:iki.r.< <rite ::::zunt Eqs. (3x-d), 'we obtain :he expression (8.2) 

in" I : 

‘4 -pr 7 fa:y>p, - pcgd- - T* Zip’] 
= i $tjatJ”lr V lylf,p) 

E(Z) 
As expLained in I, to lowest order in (mc/mly)2, the effective 

Y e I‘ t e x can j, ;'gritte* 1s 
ti 

L;‘%’ f ~(‘~-)tI , 
where the on-shell value of E is related to r2 through Eq. (4) : 

Ii iS ilXpOr:Xit to observe here that the V,ard-Tnk&oshi 
ity (5) is correct ir, -,>- ^_I linear gauges of the form (.), zmd to all 

(7) 

ident- 

orders 
In strong interactlacs :f they are invariar.t under the gauge symmetry of 

electromagnetic 3rd :ver> interactions. Ve no~tf tl:at this Wsrd-Zakahashi 
i,ienti;y disagrees 2) :7itk %at of Flmbam . It -will 
T;alc,J:a$io* pf " 

ce LLrJeful for the 
5: t-J recall the fzllowing facts from II). hyain ts 

lowest order in and xsuming RO~rnd~-";. cc Kc, i and i (2) 
> 

have the form 
P 

r,‘“(q,pl = YpLX , 

,(z) can thus be ,written 
P 
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S(p) = c$)[$~’ +;&TL 
f- “A 

‘c ap> 

+ i 2:cp) t-S 1. fp T 1 Sip’ 

Z- i~clljpcp, Ix +{i tC9-~)~i4\(f+~z)L: a 3 
(9) 

3. - q-pi; 

We proceed to the COmPUtatiO" Of r2 and of Zb". To ascertain 
gauge independence of our result, 

gauge, wherein the Wi and $' 
we carry out the computation in the RE 

propagators are, respectively, 

iApv(k) c ( -’ ;IPJ +’ kp&&-!$fJ ) Ai 

Y 

and 

; A(k) = 

Dimensional regularization is used for t:?e treatment of divergent integrals. 

There are altogether five diagrams 

GFobc/~w)2, 

which contribute to r2 to order 
show" in Fig. 2. C Henceforth we neglect mu, but we cannot 

neglect the external masses as the Ward identity, Eq. (7), 1s valid only 

on the mass shell.] The graph af Fig. ia Lc: convergect, but th<, (:r:iph:l 
Ltl-e h2vo I, :o~~!~~ritla:~ir~rll;~ cjfv:.r-c!y,r :i~,:~.::~ I~r:,!;ors:lr,,I~-, t;, tYlc. ;:;:liTnLl 

rnzr. This divergence cancelc v;k.en the I? %r,:, L cor.trij,2-;i:>nr- ::r.c 22.1 c : . 
Explicit evaluation of the diagrar1:: 2il,d,t yltldr : 



;I-, 
uj 

= [&& - 1 - $j$\-) c. ) 
wl,’ 

where the common facTor 

c = ga L;a&Jo& m,’ .- --.-- 
V(lbn+) z 

dq-q0L.s 

(10) 

(11) 

(12) 

has been extracted. The contributions of graph 2b is exact:y cancelled by 

the counter term 2c Lee Eqs. ('4) and (25) below3 : 

ir, (2b) = Jy = g$q + 1 + R’51 c , 
21 the limit n-4, where 11 is the dimension of space-tine. Combining 

Eqs. (IO)-(13), we find 

8 +.( -4 1) L 5rp) . 

The zds vertex may be extracted from Eq. (14) using the Ward 

identity of Eq. (7). iiawever, as we wish to demonstrate explicitly the ~a- 

lidity of Eq. (6) we shall proceed to the direct evaluation of E(Z). The 

relevant diagrams are those of Fig. 1, 
P 

which are made explicit in Pigs. 3 

and 4. 

Graph 3s give:: the fol1owir.g contribution to r?.i.t (:~-r:-?li3ganal) 

-elf-tr.tr<g : 

-2 (P)(34) = I=$$$ $ (,- #)j5L (15) 



Graphs 4a and Jc-e yield 

= [ [ ,I- I R 2 + 2 Q 5; r;2, j 

+ (l- 3Qjirl’~tiJ)jiK 

'1 (hl 
I/- = 3Los’L3J 1 + ki 

L 4%) 5-l 

$ 
(Jd de ) 

= 5; dS&l ‘i \ * mPL ‘, k 
i-1 A P, 

where, for brevity of notation we have extracted the common factor 

t$ = - 3’ (%‘+a’a ‘~=s~&, (&), & “d L, 
It(!Tn’ ) %’ P 

(16) 

(17) 

(18) 

Substituting these contributions to Z and I-(') into Eq . 
v 

(3), we obtain 

q) = ba’%‘+%’ l”;id*G&SO, $, 
a(rc, ir L; i 

,& m,’ 3 
w 3 -;r - 

‘ 
~i;;~~p+O1 

This is in fact the final result for e will now be shown. 
c 

The cancellation of logarithmic divergences which occurs for 

the above graphs does not occu- for graphs 3b, 4b or 4f, since the diver- 

gent parts of these diagrams are proportional to 

required to renier i and ,(') finite are giver. IF* 'The counter terms 
I-L 

where, as ir. (11, zL and "i are the wave function renormalization cons- 
:nr.tr for the I+;r-?,~~ded quark doublets. 

,kzJ 
The same renormalization constants 

render i and finite, and can be chosen to cancel the sd transition 
on nass shell. 2% L and ";, can be determined from graph 3b : 
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CcP)c3b:, = “;$$J!: .$ [ ; qt, y;- + .j *JJ ‘I J 

- (mJL CM, T,i+% + 1 -+L¶\J -1 -> 

,where thr expression represents the lizit as n- 4, with N she dimension 

Of space-time. Thus, 

(23) 

It ic readily checked that tk.e corresponding Zds counter term cancels the 

%m of the contributions of graphs 4b nnd 4f to r(z). i.s i c evident from 

Eqs. (9) and (21) the 
iL 

cd and ZSd counter terms give equal and opposite 

contributions to $2). Thus, alternatively, one could simply add all of 

the graphs in Figs.'3 and 4 together directly, without adding the counter 

terms in graphs 3c and 4g, and the result viouid be that the divergences 

arising from Z would exactly cancel those from r (2). 

,CZY. 
Both procedures 

are equivalent as regards the final answer for 
w 

The second term in Zq. (22) represents a direct sd transition, 

as does the first, and must be cancelled by another counter term in the 

Lngrangian. This rerm is of the for3 

~~~~~~~ +v +&) +odW.cP, +v 4,) tk.6 
(24) 

where .p, is the physical Eggs scalar and < rp >o= (O v/V*)* The renorn- 

uiizatian constants A and B are given by 

A= z- 3 5 ~‘.?&Ei Md $ [ ;$ 
I ‘“1 

(2:) 

This is just the counter term for the ;2 sd vertex as chow ir: Fig. 2e. 



Now we may compare the expressions obtained for E Cd, 
iL Eq. (ZO), 

and for rz' Eq. (14), and we see that the Ward identity of Eq. (7) is 

indeed satisfied. Our correct result agrees with that of Ref. 2). 

To conclude our discussion, the Z exchange contribution to the 

process sta-v+i, relevant to 5, decay, is given by 

-iG d -- 
ra = c&. 5;n 8, j:y;;; , q ‘? ’ $ jy+)(~~‘Lsj 

* p?[$j’ -; - y&q] ) 
(26) 

whereas the w+w- contribution to the process is 

-;& d. vi : we, si.lB, C& ~ p p( -.tqJiPL:) 

x [-.e,($) - ; +$+nJ] 
2 (27) 

The sum of Eqs. (26) and (27) is gauge independent ; while the sum is not 

equal to zero, as asserted in I, it is nevertheless small, being of order 

GFc&nc/38 GeV)2 without any logarithmic factor. If mc 5 a few GeV as 

the KLKs mass difference implies, ther. the dominxt nechmism for 

KL - 1; would be the ccnventional one of KL- 2y(virtual)- bi. 
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4. - STRONG iI:TEEACTION EFFECTS ON XL-u;1 

'Vie treat the strong interactions by an asymptotically free gauge 

theory - ;pecifLcally colour su(3). we quantize the g1uor.s in the Lorentz 

gauge : a= l/f=,?. In this gauge, there is nz renormalization of the gauge 

parameter '2, 21d no quark wave function renormalization to lowest order. 

The box diagram s+a-w++w--,+; is cut off at p"mW where 

P i; the interrxl loop momentum, for removal of both 'N prspagstors renders 

the integral Is,-arithmically divergent. Par this diagram, therefore, the 

analysis of Nanapoulos and Ross is correct. 

The operator product expansion relevant to this amplitude is 

t d ; (x, ‘y~h) : - - - + $J (Xl “’ 1 7(o) + - - . 
(28) 

where j 
P 

is the standard charged weak current : 

d ) = iJ$($)(dcoj@e +SSide J 

+ C $ ('G)(-dsir,@c + ;COS@~ ), 

and 

;ince both j ;nd J have zero anomalous dimensions, 
IL A 

311,' $w> Q“%,(b) = MC Iflc,,, (x, j(i)) f 

i 

(23) 
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where g(5) is the running giuon coupling constant, g(1) = e. J. is the 

Iconentum subtraction point, and the snormlol;i. dimenslun asccciated wi%h 
the quark mass operator, 

yc is given by 

Thus, the effect cf rtrong interactions ix to multiply the mplit.ade cf 
Eq. (27) by the factor 

i “+ ^do ry ipl ;F’ e-= ML/r 

where 

d,(d = 1 + j$J+ , 

(51) 

acd I, ic the number cf quark ?egreei: of freedon ir: crdinary symmc-zr:: zpzce 
W(n) (i.e., flavours). 

Equation (31) taker: int" account the fact that in The mo~r~entum 

range 111 c 5 /PI 5 IQ, all f01;1. kinds of quark uecreir of freedarz arc 

excited. Strictly speaking, 'we simuld add to Eq. (ii) 3 cor;tribut~orl fror 
the momentum region k2 5 Ip'l' 5 rn' 

c' 
but thi:l givec L correction factor 

J’+ ;‘y [p’)J = [.%5;]-2ti’ 2 f, 
4 0 3 

Furthcrmiri, Q. ( :~:I j ~~morc:~ '.::;; ccnipliCLi.iCiy: :!,:.t :;.ir.llr I~:J:: 11.5::. -.:.i 

crtsktiovn, cf ?tr~turbzrlLrL !,l.iLI ,~ IAL1 r L1.l chrlr,:~ pxtir~: c, the :~,i.:~L. 
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For the L exchange diagram, 'we note ,agair: that the relation 
'7) is vslid in the presence of strong interactions. I:-.e bare cp2cc vertex 
is of :he form 

c?$,, =+z A/,c$, L 
z-,d we sre ied to cgnsider the operatar product expans~zr. 

~!~~~~;:pp’“, r * .# + cJ,,(@po’ 4. ( I* 
(32) 

is 3 pseudoscalar density. Since we have set the external nasses to zero, 
the relevant operator on the right is necessarily a ‘I-A. currer.t operator. 
'OF.2 c mass in;ert:c'tl iz necessary tc obtain 3 non-vnr.lzhini: i,esult since 

P 1s a right-left ;rnnsition cperator and j,, 1s B left-left operator. 

The analysis of thiz contribution differ- from the above in 
9.a.t iie operator ij EC (2 ) on the left has anornalcus dimecsicns. Cle find 

6 = t; = J& 
Solution nf the Cullan-Synmzik equation then gives ! JJ’ M, $> (j-k, j-i, j ) 5 m,(j)&, ‘q, $ij’ 7 f?- L “lo w+ , 
w:zh n,(E) scaling 5; G~zlore. Then tk.e ?~.prc:;:;icr. :,:I :ie rl;;b.~r-h-zni zi,5c 

iz modified with resp~z -:.i ;'ree fie1;l 1';L'. i,,;; ';. ;"~,:I',! 

j 
e -2 iy f@ rp $?I . 
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This Is equivalent to the result of Nanopoulos and Itoss who instead consi- 

dered the expansion of the product of three currents with two mass ir.ser- 

tions. This corresponds to the effective 232, vertex which one is actually 

trying to determine. HOWt?~er, our analysis IS more straightforward hs it it 

free of the complications entailed by the sum over individually divergent 

diagrams and the wave function renormalization arising from the weak s-d 

transition. 

Our resuit therefore reduces to that of Nanopoulos and Hess if 

the momentum cut-off is effectively I+,, 1.e., c-m W' w in Eq;)!::). Thiz 

1s precisely the point which is contested by Vainshtein et al. and whxh 

is crucial if the cancellation of the leading contributions [-an(+L:~)] 

is to be maintained in the presence of strong interaction%. Vainshtex et 

al. argue that while the effective distance x-y is determine,? by the iv 

propagatcr (see Fig. 58) : 

I x--y/ = ,-- ‘/&I,’ 
the effective distances x, y are determined by the charmed quark propa- 

gator : 

IF-P, 181’ - ‘A-%= 

In such i case the short distance behaviollr of the coefficient function 

ck"hb:,;: must be treated more carefully, as will be illustrated below 

in the discussion of the K 
L' u 

K, mass difference. 

Ir. the free quark case, to lowest order in 1/m;, the hatironic 

weak vertex reduces to a local current-current interaction by the repiace- 

ment 

c mw2 _ k’) -’ * rntie2 

This replacement is legitimate in a loop diagram (Fig. 5b) if the remzinine 

intfgrrl ic convergent ; ther. tke effective c.ui-off of the irteprsi i:: 

clear-:.; independent of the '7; 1:li3~. iiowe-Ycl~, i'>I, the ei'fecti..w as; 

verte:c cocziidtrii here, ~emav~~l 6f the ,{{ propacaror' E*iiich i.; e,T2iv:_er,-. 

tc ttkicg r'lrzt the limit 3: - j -. i: in Eq. (J2rj leads in: :i diverger.: I:;- 

tegl2.l. Thus the mumentuu cut-cff must b,t provided by the w ITasLi, k?Ld we 

conclude that the result of Nanopoulos and Ross is the correct one. 
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A further arbpnlenr s'lppurring this conclusion is The following. 

'We saw in Section : that tk.e :m and z contributions to zrL-pi; are not 

separately gauge inv.a.ri-:nt witt respect TV: the gsuge group of ii;e weak 

Lnterrctiocs. Since the h?lror.:c operntcrs sppearmg in the 'Wilson expan- 

;Ylon ire the same fcr she ,"';Ee ,iipendenT and gauge indepfndenr pieces of 

exh contribution, gauge x~ar~*~~~e cannot, be maintained unless both contri- 

butions have the sake xalicg Lehavicur. ?lxLS we c0cclud.e t!lzt the cancel- 

lation of P,n(m~/m~) tems ausr be meintained in the presence of strong 

interactions. 

5. - THE zLaI: MASS "IF?EREITCE 

To evaluate the YL,KS mass difference in an asymptotically 

free theory, Nanopoulos and i?css corlsider the operator product erprnsion 

(3ee Fig. I:) 

fq&p,,jl~~o, c- - . - + etq, eim,~h[o)~A(o~ + **I 

In addition to the anomalous dimension associated with the mass insertions, 

?he local current-current operator 

9 9 70) //O) = ;T a@p+yb~~(q+ z $$o) (34) 
has an anomalous dimerlsicn. This k:as been calculated In Iiefs. 5) where it 

was found that the anomalous dimension associated with a V-A currerlt -current 

operator which is symmetric under the exchange of colour indices of two quark 

or anti-quark fields is negative : 

If the nomeriturn cl;t-oif i:: cffccTively :':,;i, tt,e over-:,ll effect OL ::tron;~* 

iTLteraCSlonS 1~: to modif; the free quark rucplitude by :I frlctor 
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‘d/b, 

i 
d, cm, 1 

3 

(-zd, + a 

4 ‘p’ (35) 

where ii is defined by 

<=d;g 
gtTz ) 

I“ 2, @ : dn =< ds : -2. 

This is the res~Jlt if Nanopoulos and ,40-s who CviiLuzted Eq. (35) for :I = m 

and subtraction. p0ir.t p:_: Ge'J. 

However, in this case the GIh! mechanisrr ha- the effect of sub- 

tracting botk fermion propagfitors, so the loop inregral remain:2 convergent 
when both 'Vi propagators are renoved (Zig. 7). Xerefoire, the correct 
procedure is first to evaluate the corrections to the effectively locsl cur- 
rent-current i?terrction obtained by removing the ‘:I propagator (Fig. 7), 
then to consider the time-ordered product Of two local current-current ope- 
rators thus obtiined. In this instance we agree with the approach of 
Vainshtein et al., but differ with their numeric21 result. Our evaluatiorl 
is described in what follo?is. 

L'lTZ 'u, :7t consider the operator p1.~512:, expansion of ti:o currents ; 
it was shown in ktf. 5) that the leadine contrit~~tii~, I;: : 

‘%, . t ! a ,lD) = $ $‘ c,,x)oJ*) 1 i t C,iXlO& (0) J cd, St’4 c D 

where C .,a I'. i ICC..1 V-k current operator wit?. tke ix ten-,21 syrme-.r:,r 
str?cti;rr- : 

cj, L =i [GL)hs) z Lam) ‘1 - c li -+cJ , 

c, & (P’Y 
-(& If (1’11 dr” 

, ,I?= e 



I!:.2 :.:.rcalous dimension YLi 1.: ~i7et-v 2t,ove x.d 

rllc effectively locoI currens-currect cCer315r i:: obtained by ir.sertin,- the 
X!:erlLCJl2t,c- boron propagator and irLtE~lZtiL< :,VEr :i : 

ar”,,y (0) = j’JJ” AF IX, m/) T (jRC*j Jif/> ) 

= G, 
z &So, sir& -r ,I j‘[g$P* 0, 

f [~J$~~ Oh ji 

, 

HOWWeT, it is probably more accurate to consider two regions of integration ; 

one above the scaling threshold for ordinary hadrms, but below excitation of 

tte chxmed quark : 

,/l4 5 lx/-’ f -M, I?=3 / i 

;r:d crie above charm threshold : 

*c ,c !a/ -I 5 w7n, #=l/ / 

Then :?.e expression on the right ir: Eq. (36) is nodified by : 

Tc sbr~~x the ei'feczi-Jely Iscs1 jm.:: ~ _ 2 ~~~~~~~~~~~~ ~I.i x.L(z~ 

rlext ,:r.sider the time-ordered product : 

gdsm2 = Jd TI&# (24 A+) 
(57) 
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There are, cf course, contributions from low energy (i.e., below scaling 

threshold) inTermediate state;, which are by themselves of the correct order 

cf magnitude : 

(K/&szz Ii> -- hn,-rn,) +i ~!y’ 

The KS lifetime .rs//rs - Ti measures the absorptive part of the low 

energy contributions and one expects the corresponding dispersive part ti 

be of the same order cf magnitude, which is the case fcr the aeasured mass 

difference : xy,-mS~-TC/i. 

The role cf the GIM mechanism is to ensure th:lt ths high energy 

contribu'tioE; 33-t cut jfi at tfle charmed quart mars SC :h?;i they give 2 

contribution which is :,c.t tos large, =.e., is cf the sane order of magnit.Ade. 

We shall evaluate that cortribution assuming that the distance Ix/ - 'bc 
is "short" on the scale of uncharmed hadronc, which is 3 posteriori justified 

by the observed scxlir:,s below charm threshold. Then we must consider the 

short distance expansion of the operator product in Eq. (37). Henceforth we 

consider only the enhanced part of eff : 

dI’$ - $2Aa, iine, j;’ [5gJ’Q.5jJG; , (3e) 

The relevant part of t:1E operator product expansion is now 

O‘(Y)O‘lO) I-J QJ‘=cir/ ) fB 9 70 J flw =@c ‘%f, O,/io). (39) 
Ike L;csling propertie; ,;;^ the coefficient function cl ~ir'e determined by 

the ~non~rrlous dimensions of both the operetors Oa and 0;. Solution of 

the CLllan-Symanzik equarion fcr C'(X,Ej gives 

y”cq-‘7 4’ P qa; -q -l&7 j’ WI,’ C?X,D) e ’ 1’ I>> 7 * (45) 

II:: :;Lclu~e nor;2: zz::an ic obtained by a summation ever colour indices 

ir: forning t?ie pruducr ?,2 -,'C'. Then inserting Eqs. (32)-(42: in Eq. (:y>, 

the effective IASi = I operatcr is modified relative ta the free quark 

case by the factor : 



where we have evaluated this expression taking 

2 4- c 
/ 

1 , 315y% 100, m,*recv/ /" 'L 7 lstq 

The explicit evaluation of the expression (41) is of course subject to 

caution, particularly for the contribution from tke momentum region 

p < /pi ( mc. However, the qualitative result is that the effects of 

strong interactions make a negligible difference with respect to the 

free quark model calculation. 
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FIGURE CAPTIONS 

Figure 1 - - - - - - _ _ 

Figure 2 ----- -__ 

Figure 3 - - - - _ - - _ 

Figure 4 - - - - - - - _ 

Figure 5 - - - - - - - _ 

Figure 6 -------- 

Fqure 7 _------ - 

Diagrams contributing to the effective 23s vertex. 

Diagrams contributing to the effective &as vertex to 

order G,:~(m~/rn~,)~. 

Lowest order diagrams contributing to Fig. la. 

Lowest order diagrams contributing to the n-h transition 

(Figs. la, Ib). 

Diagram (a) contributing to the effective operntcr cf ~q. (3;;) ; 

the same diagram (b) in the limit Ix-yl-0. 

Diagrams contributing to the effective operator cf 2;. (34;. 

The diagrams of Fig. i in the Iirr.it ( 1 _ ;,,. ! + r:, ) ~ I ~ ~I I 
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